A fast, hybrid numerical-asymptotic algorithm for the calculation of the dynamical field evolution that is due to an arbitrary input pulse in any linear dispersive, attenuative medium is presented. The algorithm combines the numerical efficiency of the fast-Fourier-transform algorithm over a finite frequency domain that encompasses all the medium resonances with the accuracy and analytical efficiency of the asymptotic description that fully accounts for the high-frequency structure above the highest resonance that is characteristic of the dispersive medium.
INTRODUCTION
The propagation of a given input pulse through a linearly dispersive, absorptive medium is a classic problem that remains a topic of considerable interest in acoustics, 1 ionospheric radio-wave propagation, 2, 3 and electromagnetic wave propagation in both plasma 4 and dielectric 5 media, including optical pulse propagation in dielectric waveguides. 6, 7 The seminal analysis of signal propagation in a causally dispersive medium was given by Sommerfeld 8 in 1914 and by Brillouin 9, 10 in 1914 and 1960 using the then recently developed asymptotic method of steepest descents. 11 The recent analysis by Oughstun and Sherman 5, 12, 13 that is based on modern asymptotic techniques has provided a complete, accurate description of the dynamical evolution of the propagated field as well as a precise definition of the signal velocity in a dispersive, attenuative medium and has led to a new physical description 5, 14, 15 of dispersive-pulse dynamics that replaces the classic group-velocity description and reduces to it in the special case of zero loss.
The inherent complexity of the asymptotic approach becomes practically untenable when more than a single absorption band in the model of the dispersive medium is considered, [16] [17] [18] so one must resort to accurate numerical techniques. The most straightforward numerical approach is to employ the well-known fast-Fouriertransform (FFT) algorithm in a direct numerical synthesis of the Fourier integral representation of the propagated pulse. 7, 17 However, this approach, by itself, is severely hampered by its inability to model accurately the high-frequency structure that is typically present at the leading edge of the propagated field as the result of an input ultrawideband pulse in the dispersive medium. To circumvent this problem, a numerical inversion of the appropriate Laplace transform has been developed 19 and applied 20 to it with some success. However, the numerical accuracy of this approach is not fully understood because of a devious approximation in its derivation, and it must then be carefully examined on a case-by-case basis. A numerical implementation of the asymptotic description has also been described 16 and applied. 21, 22 This approach allows one to calculate directly any desired structure in the propagated field with a specified degree of accuracy. However, it requires a detailed knowledge of the complete saddle-point dynamics over the space-time domain of interest, and this becomes complicated for a multiple-resonance medium.
An optimal approach to this problem would be one in which the complicated behavior about the medium resonances was accurately treated with the utmost simplicity and numerical efficiency possible, while the relatively simpler high-frequency structure above all the medium resonances was included in an accurate and efficient manner that did not detract from the numerical efficiency over lower frequencies. This procedure can be directly accomplished with a hybrid code that uses the accuracy and numerical efficiency of the FFT algorithm to model the complicated behavior that is due to the frequency response below the uppermost medium resonance frequency while the relatively simpler high-frequency response above the uppermost resonance frequency of the dispersive material is described by well-defined asymptotic methods. 23 A detailed description of this hybrid approach is presented in this paper. Other hybrid approaches to the numerical solution of this problem were recently reported in the literature.
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HYBRID NUMERICAL-ASYMPTOTIC ALGORITHM
The exact Fourier-Laplace integral representation of a propagated plane-wave pulse that is propagating in the positive z direction in the half-space z у 0 is given by (see Sec. 4.3 of Ref. 5)
where
is the temporal spectrum of the initial pulse f(t) ϭ A(0, t) at the plane z ϭ 0. The quantity A (z, t) represents either the scalar optical field or any scalar component of the electric or magnetic vector of the electromagnetic field whose temporal spectrum Ã (z, ) satisfies the Helmholtz equation
The complex wave number k () ϭ ␤() ϩ i␣() that appears here, with propagation factor ␤() ϭ R͓k ()͔ and attenuation factor ␣() ϭ I͓k ()͔, is given by
where c denotes the speed of light in vacuum and n() ϭ ͓()͔ 1/2 is the complex index of refraction of the dispersive dielectric medium that occupies the half-space z у 0 with complex-valued, relative dielectric permittivity () and constant, real-valued relative magnetic permeability ϭ 1. The complex phase function (, ) that appears in Eq. (1b) is given by
is a dimensionless parameter that characterizes any particular space-time point (z, t) in the plane-wave field. If f(t) ϭ 0 for t Ͻ 0, then the integral expression given in Eqs.
(1) is a Laplace representation in which the contour of integration C is the line ϭ Ј ϩ ia, where a is a fixed positive constant that is greater than the abscissa of absolute convergence 5, 27 for the function f(t) and where Ј ϭ R() ranges from Ϫϱ to ϩϱ.
A pulse type of particular interest is that of a pulseenvelope-modulated sine wave of fixed real signal frequency c Ͼ 0 that is given by
where u(t) is the real-valued envelope function of the initial pulse at the plane z ϭ 0 and is a constant phase term. With this substitution the integral representation given in Eqs.
(1) for the propagated field becomes
for z у 0. Here ũ () is the temporal frequency spectrum of the initial pulse-envelope function u(t).
If the initial time behavior A (0, t) ϭ f(t) of the pulse at the plane z ϭ 0 identically vanishes for all times t Ͻ 0, and if the model of the material dispersion is causal, 28 then the propagated field A (z, t), as given by either Eqs. (1) or (8) , is identically zero for all values of р 1 with z у 0. The proof 12 of this important result is based on the method of proof of Jordan's lemma (see Sec. 7.1 of Ref. 5 ). This result clearly shows the importance of choosing a causal model of the material dispersion if it is desired to obtain physically meaningful results.
The physically correct analysis of the entire dynamic field evolution in dispersive-pulse propagation is critically dependent on the models' adherence to the fundamental physical principle of causality, as expressed in the Kramers-Kronig relations 28 for the real and imaginary parts of the dielectric permittivity 
The material absorption also identically vanishes at infinite frequency. Hence, with little or no loss in generality, it can be assumed that the frequency dependence of i (Ј) along the positive Ј axis is such that the associated loss is significant only within a finite frequency domain ͓ min , max ͔, where
For all nonnegative values of Ј outside this finite frequency domain, the medium absorption is then negligible by comparison. For a dielectric whose frequency dispersion is described by a multiple-resonance Lorentz model with characteristic resonance frequencies 0 , 2 , ..., 2m , where 0 Ͻ 2 Ͻ ... Ͻ 2m , for example, the minimum and maximum angular frequencies min and max , respectively, are chosen such that min Ͻ 0 Ͻ 2m Ͻ max . In general, the frequency dispersion in the low-frequency region ͉͉ Ͻ min about the origin will result in the appearance of a Brillouin precursor field in the propagated field structure if the input pulse spectrum is ultrawideband. 29 The frequency dispersion in the high-frequency region ͉͉ Ͼ max may, provided that the material dispersion satisfies a specific condition, result in the appearance of a Sommerfeld precursor field in the propagated field structure if the input pulse spectrum is ultrawideband. 29 Finally, the frequency dispersion in the intermediate frequency domain min р ͉͉ р max may result in the appearance of additional precursor fields whose dynamical evolution may be exceedingly complicated 16, 18, 29 ; a necessary condition on the material dispersion for the appearance of these additional, so-called middle precursor field structures in a multiple-resonance Lorentz-model dielectric has been given by Shen and Oughstun 16 in terms of the energy transport velocity. Because of their involved complexity, accurate descriptions of these middle precursor fields can be obtained only either numerically or by use of numerically determined saddle-point locations in the appropriate uniform asymptotic expressions. 16, 18 However, they are critical for the complete, accurate description of ultrashort pulses in dispersive, attenuative materials 30 when the carrier frequency of the input ultrashort pulse is situated within one of the material passbands between min and max , since they will then predominantly determine the pulse distortion. 30 The FFT algorithm is ideally suited for the numerical calculation of either integral representations (1) or (8) of the propagated field behavior over the finite real frequency domain Ϫ max р Ј р max with the appropriate sampling criteria set by the maximum frequency max that is a characteristic of the dispersive medium, provided only that c Ӷ max for the case of a pulseenvelope-modulated field with carrier frequency c whose dynamical field evolution is described by the exact integral representation given in Eqs. (8) . Note that one can always meet this final inequality by choosing max to be sufficiently large. The exact integral representation [Eqs. (1)] can then be rewritten as
for z у 0. A similar expression holds for the integral representation given in Eqs. (8) . The integral over the real frequency domain Ϫ max р Ј р max is computed from the FFT algorithm. We calculate the remaining two contour integrals that appear in Eq. (12) by first deforming each contour C Ϯ to lie along the respective Olver-type path P Ϯ () (Refs. 12 and 13) through the respective distant saddle point SP d Ϯ () of the complex phase function (, ), as depicted in Fig. 1 (see Sec. 6.5 of Ref. 5). Under this contour transformation, Eq. (12) becomes
for all z у 0. Since (Ϫ, ) ϭ *(*, ) for any causal medium, and since f( Ϫ) ϭ f *(*) for any realvalued pulse function f (t), then (see Secs. 3.2 and 4.3 of Ref. 5) (15) and only the contour integral along the Olver-type path P ϩ () in the right-hand half of the complex plane need be evaluated. Since this path extends to an infinite real frequency, it will be difficult, but not impossible, 16, 19, 20 to evaluate this integral numerically.
However, its asymptotic evaluation will provide an accurate description of the Sommerfeld precursor field A S (z, t) for all propagation distances z that are greater than a single absorption depth
into the dispersive medium at the input carrier frequency of the pulse. If the input pulse cannot be written in the form given in Eq. (7), then z d can be evaluated at some other appropriate characteristic frequency of the pulse.
A. Fast-Fourier-Transform Contribution
The integral over the real frequency domain Ϫ max р Ј р max that appears in Eq. (13) can be expressed as the Fourier integral
where rect max (Ј) is the rectangular window function that is equal to unity when ͉Ј͉ Ͻ max and vanishes when ͉Ј͉ Ͼ max . This Fourier integral expression can then be expressed as the convolution
where sin c() ϵ sin()/.
From the WhittakerShannon-Kotel'nikov sampling theorem, 31 the function A max (z, t) can be uniquely represented by the set of sampled values of the function at equidistant moments in time separated from one another by ⌬t ϭ / max as
where the sampled values are given by
Computation of the propagated field A max (z, t) over the finite time window 2T ϭ N⌬t then requires that N ϭ 2T max / sample points. For the equivalent computation of the propagated field from Eq. (17) for a single pulse with the FFT algorithm the time window 2T can be adjusted (if required) such that the total number N of sample points is an integral power of 2, and the sampling interval is then given by ⌬Ј ϭ 2 max /N.
B. Asymptotic Contribution
The asymptotic description of integral representation (15) of A P (z, t) relies both on the distant saddle points of the complex phase function (, ) that evolve in the highfrequency region ͉͉ Ͼ max in the right-hand half of the complex plane and on the end point of integration at ϭ max . As a consequence, one can write
where the asymptotic expansion of A E (z, t) is due just to the end-point contribution and where the asymptotic expansion of A S (z, t) is due just to the distant saddle-point contribution.
End-Point Contribution
One obtains the asymptotic expansion of A E (z, t) about the end point by expanding (, ) about the point ϭ max . Since this point is not a saddle point, then (1) 
as z → ϱ. Ideally, the frequency max is chosen to lie in the high absorption region near the upper end of the largest absorption band present in the medium, so the asymptotic contribution given in Eq. (22) will be negligible compared with the distant saddle-point contribution and hence can be neglected.
Distant Saddle-Point Contribution
The asymptotic description of the integral representation of A S (z, t) relies on the distant saddle points of the complex phase function (, ), which are solutions of the saddle-point equation d/d ϭ 0 that evolve in the highfrequency region ͉͉ Ͼ max in the right-hand half of the complex plane. From Eq. (5), the saddle-point equation becomes
Although a detailed knowledge of all the solutions for Eq. (23) can be obtained only from a detailed knowledge of the material dispersion, such is not the case for the highfrequency region ͉͉ Ͼ max .
Since i () vanishes at ϭ Ϯϱ, the denominator that appears in the integrand of Eq. (9a) can be expanded for large ͉͉ Ͼ max as
The validity of this expansion relies on the fact that when ͉͉ у ͉͉ and the expansion of the quantity (1 Ϫ /)
Ϫ1 that appears in the integrand of relation (24) breaks down, the quantity i () is vanishingly small and serves to neutralize this behavior. Because of the odd parity of i (), relation (24) can be rewritten as
which is valid for ͉͉ Ͼ max , with coefficients
Note that the first coefficient, a 2 , is nonvanishing for any lossy dielectric, viz.,
Since the quantity ͓ r () Ϫ 1͔ also vanishes at ϭ Ϯϱ, the same expansion procedure can be applied in the integrand of Eq. (9b), which can be rewritten as
to yield
There are then two distinct classes of dielectrics 29 that are distinguished by the value of the zeroth-order coefficient
For the first class, b 0 0, which is characteristic of a Debye-type dielectric. 18 For the second class, b 0 ϭ 0, which is characteristic of a Lorentz-type dielectric. 5, 12 These two cases are now considered individually.
a. Case 1. Debye-Type Dielectric. For a Debye-type dielectric, b 0 0, and the complex-valued dielectric permittivity in the region ͉͉ Ͼ max is given approximately by
and the associated complex index of refraction n() ϭ ͓()͔ 1/2 is then given by
which is valid for ͉͉ ӷ max . With this substitution, the saddle-point equation (23) becomes
The location of these distant saddle points in the complex plane is then seen to depend critically on the sign of the quantity (a 2 Ϫ b 0 2 /4). For a simple Debye-model dielectric with relaxation time and static permittivity s the coefficients that appear here are given by b 0 ϭ ( s Ϫ 1)/ and a 2 ϭ (1 Ϫ s )/ 2 , in which case (a 2 Ϫ b 0 2 /4) Ͻ 0 and is equal to zero only when s ϭ 1 (i.e., the trivial case of a vacuum). The approximate distant saddle-point locations are then given by
. These distant saddle points are symmetrically situated along the imaginary axis with respect to the origin and move in toward the origin as increases from unity, evolving into the near saddle points that describe the Brillouin precursor. 18, 29 As a consequence, there is no Sommerfeld precursor and the entire contribution A P (z, t) to the propagated field A (z, t) is asymptotically negligible compared with the integral over the finite frequency domain Ϫ max р Ј р max . The entire dynamic evolution of the propagated field can then be accurately obtained from a calculation over the finite frequency domain ͓Ϫ max , max ͔ by use of the FFT algorithm alone.
b. Case 2. Lorentz-Type Dielectric. A Lorentz-type dielectric is distinguished by the fact that the coefficient b 0 is identically zero, in which case the sum rule
is obtained. 
which is valid for ͉͉ ӷ max . With this substitution, saddle-point equation (23) becomes
The roots of Eq. (39) then yield the approximate distant saddle-point locations
This is precisely the form of the first approximate expressions for the distant saddle-point locations in both a single-resonance Lorentz model dielectric 5, [8] [9] [10] 12 and a multiple-resonance Lorentz model dielectric. [16] [17] [18] These distant saddle points are symmetrically situated about the imaginary axis and lie along the line ϭ Ј Ϫ ib 2 /2a 2 in the lower half of the complex plane. As increases from unity, they move in from infinity along this line. With this substitution in Eq. (5), together with the approximation given in relation (38) , the approximate complex phase behavior at these two distant saddle-point locations is found to be given by
Note that the accuracy of these approximations for the distant saddle-point behavior diminishes as becomes much larger than unity because ͉ SP d Ϯ ()͉ will then no longer be large compared with max . In that case, either higher-order approximations that are valid for all у 1 can be obtained 5, 12, 17 or else numerically determined saddle-point locations can be used. 16, 18 The uniform asymptotic description 13 of either integral representation (12) or (13) 
as z → ϱ for all у 1. Here J () denotes the Bessel function of the first kind of order that is determined by the limiting behavior of the initial pulse spectrum f() as ͉͉ → ϱ in the following manner 5, 33 : For large ͉͉ → ϱ, the spectral function f() can be written in the form
with real-valued Ͼ 0, where the function q () possesses a Laurent series expansion that is convergent for ͉͉ Ͼ max and is such that
When Ͻ 0, this uniform asymptotic approximation of A S (z, t) remains valid, provided that its limiting behavior as approaches unity from above remains finite. 33 The coefficients that appear in relation (42) are given by 5, 13 
The behavior of the initial pulse spectrum f () at the distant saddle-point locations
which, if necessary, one can evaluate by using the FFT algorithm, taking note of the fact that f 
NUMERICAL RESULTS
A. Double-Resonance Lorentz-Model Dielectric
A dispersive dielectric material of considerable interest in optics is one that is described by a double-resonance Lorentz model 5 whose complex index of refraction is given by
with undamped resonance frequency j , plasma frequency b j , and phenomenological damping constant ␦ j for the jth resonance line ( j ϭ 0, 2). This causal model provides an accurate description of both normal and anomalous regions of dispersion in homogeneous, isotropic, locally linear optical materials when the carrier frequency of the input pulse is situated in the normal dispersion region between the two absorption bands in the near ultraviolet. The frequency dispersion of the real and imaginary parts of the complex index of refraction for this glass is illustrated in Fig. 2 . An input pulse that not only is of central importance to the understanding of dispersive-pulse propagation phenomena but also provides a difficult test of the accuracy of any numerical algorithm for the analysis of dispersivepulse propagation phenomena is the Heaviside unit stepfunction-modulated signal 5, [8] [9] [10] 12, 13, 16 
where h(t) ϭ 0 for t Ͻ 0, and h(t) ϭ 1 for t Ͼ 0, is the Heaviside unit step function. Although this pulse is not ultrashort, it is clearly ultrawideband. The dynamical evolution of the propagated field for a below-resonance case c Ͻ 0 with c ϭ 1.2 ϫ 10 14 s
Ϫ1
is illustrated in Fig. 3 for several fixed values of the propagation distance z. In each figure the computed field behavior is plotted as a function of the space-time parameter ϭ ct/z, which, at any fixed value of the propagation distance z, describes a dimensionless time parameter. At each propagation distance the dynamic field evolution begins at ϭ 1 with the arrival of the Sommerfeld precursor field. However, because of the small spectral amplitude of the input pulse in the highfrequency region ͉͉ Ͼ 3 , the Sommerfeld precursor in this case is negligibly small compared with the remaining propagated field structure throughout the mature dispersion regime z Ͼ ␣ Ϫ1 ( c ), as can be seen from Fig. 3 . The middle precursor then evolves just before the Brillouin precursor whose peak amplitude occurs at (or very near) the space-time point 0 ϭ n(0) ϭ 1.424, at which point the field amplitude decays only as z Ϫ1/2 . This is then followed by the main signal oscillating at the input carrier frequency at ϭ c , whose amplitude decays as exp͓Ϫz␣ ( c )͔. Note that, at 10 absorption depths into the medium, the signal amplitude at c ϭ 1.2 ϫ 10 14 s Ϫ1 has decayed to exp(Ϫ10) ϭ 4.54 ϫ 10 Ϫ5 , whereas the peak amplitude in the Brillouin precursor is approximately 0.131, which more than 3 orders of magnitude larger.
The dynamical evolution of the propagated field when the input carrier frequency c is increased through the passband ( 1 , 2 ) between the two absorption bands of the Lorentz medium is illustrated in Figs. 4-6 for several fixed values of propagation distance z. The input carrier frequency of the signal is c ϭ 3.0 ϫ 10 14 s Ϫ1 in Fig. 4 , which is just above the lower absorption band; c ϭ 1.615 ϫ 10 15 s Ϫ1 in Fig. 5 , which is at the minimum dispersion point in the passband of the double-resonance Lorentz-model dielectric; and c ϭ 7.0 ϫ 10 15 s Ϫ1 in Fig.  6 , which is just below the upper absorption band of the dielectric. As the carrier frequency increases through the passband, the relative importance of the Sommerfeld precursor in the overall propagated field structure increases. A more dramatic increase, however, is observed in the middle precursor, which dominates even the Brillouin precursor at the minimum dispersion point, as seen 
in Figs. 5(b)-5(e) . Near the upper end of the passband the onset of the middle precursor blends with the decay of the Sommerfeld precursor, as seen in Fig. 6 , so these two transient field structures are practically indistinguishable. Finally, the dependence of the Sommerfeld precursor field A S (z, t), as described by the uniform asymptotic representation given in relation (42), on the input signal frequency c is presented in Fig. 7 , where each field was calculated at three absorption depths at the input signal frequency c . Note the marked increase in the peak amplitude of A S (z, t) as c is increased.
B. Composite Rocard-Powles-Lorentz-Model Dielectric
Another dielectric material of considerable interest in electromagnetics is the composite Rocard-Powles- 
Lorentz-model dielectric, 18 which describes both the lowfrequency orientational polarization phenomena and the high-frequency resonance polarization phenomena that are observed in many dielectrics. 34, 35 For a RocardPowles-model component with a single relaxation time and a Lorentz-model component with two resonance lines the complex index of refraction is given by
Here is the Debye relaxation time [34] [35] [36] [37] [38] and f is the associated friction time that appears in the Rocard-Powles extension 37 of the Debye model; in the infinitely large friction limit, the friction time vanishes and the RocardPowles contribution reduces to that given by the Debye theory. 36 The frequency dispersion of the real and imaginary parts of the complex index of refraction for this simple composite Rocard-Powles-Lorentz model of triply distilled H 2 O is illustrated in Fig. 8 . In the limit of large ͉͉ ӷ max , the complex dielectric permittivity associated with Eq. (52) for the complex refractive index of the composite Rocard-Powles-Lorentzmodel dielectric with nonvanishing friction time ( f 0) is given by
which has the same form as relation (37) for a Lorentzmodel dielectric. Because of the upper Lorentz line about ϭ 2 with 2 Ͼ 2/ for the above set of mate- rial parameters for triply distilled H 2 O, a Sommerfeld precursor will be present in the dynamical field evolution because of the existence of an input ultrawideband pulse. However, in the limiting case of a vanishing friction time ( f ϭ 0), in which case one obtains a composite DebyeLorentz model dielectric, the large ͉͉ ӷ max behavior is given by
which has the same form as relation (32) for a Debyemodel dielectric. In this case the Sommerfeld precursor field will be absent from the dynamical field evolution. The dynamical evolution of the propagated field that is due to an input unit step-function-modulated signal [Eq. (51)] whose angular frequency c ϭ 1.0 ϫ 10 12 s Ϫ1 is in the extremely high-frequency band of the microwave region of the electromagnetic spectrum is illustrated in Fig.  9 for several fixed values of the propagation distance. Because this initial signal frequency occurs in the region of strong dispersion that is due to the relaxation phenomena in water described by the Rocard-Powles component of the composite model given in Eq. (52), the propagated field structure evolves into a quasi-static Brillouin precursor 18,29 whose peak amplitude occurs at a spacetime point that approaches the value 0 ϭ n(0) ϭ 8.90 from below in the limit as z → ϱ. The dynamical field evolution is markedly different, however, when the initial signal frequency is shifted into the visible region between the infrared and the ultraviolet resonance frequencies of water, as depicted in the sequence of diagrams in Fig. 10 with c ϭ 1.0 ϫ 10 15 s Ϫ1 . The dynamical field evolution is now characteristic of a double-resonance Lorentz-model dielectric; the peak in the Brillouin precursor occurs at (or very near) the space-time point 0 
In both cases the Sommerfeld precursor is entirely negligible compared with either the main signal evolution or the Brillouin precursor field evolution.
DISCUSSION
A hybrid numerical-asymptotic algorithm has been developed that describes all the transient field phenomena associated with ultrawideband pulse propagation in causally dispersive materials with both accuracy and efficiency, including the arrival and evolution of the Sommerfeld precursor whose front propagates at the speed of light in vacuum and whose instantaneous frequency of oscillation chirps down from infinity at the space-time point ϭ ct/z ϭ 1 and approaches the frequency value 3 ϩ ϭ ͱ 3 2 Ϫ ␦ 2 2 near the upper edge of the uppermost absorption band asymptotically as → ϱ. Although the Sommerfeld precursor may be relatively insignificant for an input pulse whose characteristic frequency is either near or below the lower end of the passband between the two uppermost absorption bands, its relative significance increases dramatically as that frequency approaches the uppermost absorption band of the material, as evidenced in Fig. 7 . Neglect of this high-frequency transient will then result in a significant error in the propagated field structure that is due to an ultrawideband pulse. For example, in a single-resonance Lorentz-model dielectric 12, 13 the ratio of the peak amplitude in the Sommerfeld precursor to the peak amplitude in the Brillouin precursor for an input unit step-function-modulated signal is (A S ) max /(A B ) max Ϸ 7.65 ϫ 10 Ϫ3 at three absorption depths for a below-resonance carrier frequency c / 0 ϭ 0.25, whereas (A S ) max /(A B ) max Ϸ 1.67 at three absorption depths for an above-resonance carrier frequency c / 0 ϭ 2. , a change of more than 3 orders of magnitude as the carrier frequency is shifted from below the lowerresonance frequency up through the passband toward the upper resonance frequency of the double-resonance Lorentz-model dielectric.
Such is not the case, however, for a dielectric whose linear response is completely described by either the Debye model 36 of orientational polarization phenomena or its extensions, such as the Rocard-Powles model. 37 In that case there is no Sommerfeld precursor, 18, 29 and one need model only the frequency behavior over the finite domain ͓Ϫ max , max ͔ to obtain an accurate description of the propagated field. 38 In general, the frequency response of a dielectric is composed of orientational polarization phenomena at low frequencies and resonance polarization phenomena at high frequencies. 34, 35 In that case the Sommerfeld precursor must be included unless the frequency spectrum of the input pulse is confined to lie below the uppermost resonance frequency of the medium. 
